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Relationship between Origin and Genetic Diversity in Chinese Soybean Germplasm

Yiwu Chen and Randall L. Nelson*

ABSTRACT management and utilization of soybean germplasm.
Knowing the range and distribution of the genetic diver-The soybean [Glycine max (L.) Merr.] was domesticated in China.
sity of a species can affect acquisition priorities for aInformation about the amount and distribution of genetic diversity
germplasm collection and sampling strategies for germ-in China is critical to effective soybean germplasm management. Infor-
plasm screening research or for establishing a core col-mation is currently available from only a few provinces in China. The

objectives of this research are to estimate the genetic variation within lection. It also allows breeders to better understand the
and among four geographically diverse provinces (Zhejiang, Sichuan, evolutionary relationships among accessions and to de-
Gansu, and Hebei) in China and to determine the relationship between velop strategies to integrate useful diversity into their
geographical origin and genetic diversity. Ten primitive cultivars from breeding programs (Bretting and Widrlechner, 1995).
each province were characterized by random amplified polymorphic Several diversity studies in soybean have been con-
DNA (RAPD) fragments produced from 31 selected decamer primers. ducted using morphological characters, pedigree infor-
CNS, an important U.S. ancestral line, was also included as a control. mation, and biochemical variation (Nelson et al., 1987,
Genetic variation was estimated by AMOVA analysis with 125 poly- 1988; Gizlice et al., 1994; Sneller, 1994; Bernard et al.,
morphic RAPD fragments. Genetic distances were calculated by means 1998). Although morphological and agronomic charac-
of Jaccard’s coefficient and expressed as dissimilarity coefficients. Un- ters are useful in evaluating genetic diversity, collectingweighted paired group method using arithmetic averages (UPGMA),

such data can be laborious and the phenotypic valuesWard’s minimum-variance method, VARCLUS, and multidimensional
are often strongly influenced by the environment. Bio-scaling (MDS) were applied to define the genetic relationships. AMOVA
chemical variants such as isozymes and electrophoresisidentified significant genetic differences between all pairs of provinces
patterns of storage proteins are less affected by the en-except between Zhejiang and Sichuan. The greatest difference was ob-
vironment but have limited variation. DNA markers areserved between Hebei and Zhejiang. There was disagreement among
an attractive alternative. They are nearly unlimited inthe clustering methods, but each procedure identified clusters of ac-
numbers, presumably selectively neutral, and can be orga-cessions that originated from the same province. Based on data from

all clustering procedures, six major clusters containing a total of 32 nized into linkage maps (Thormann and Osborn, 1992).
accessions were defined with each cluster dominated by accessions There are several reports of using molecular markers
from a single province. These data provide additional evidence that for evaluation of primitive soybean germplasm. RAPD
primitive cultivars of China were generally genetically isolated in rel- markers have been shown to be a simple and effective
atively small geographical areas. means to evaluate variability in crops. RAPDs are well

suited for diversity studies because they are technically
simple, nonradioactive, relatively inexpensive, and re-
quire small amounts of DNA. On the basis of principalSoybean originated in China and has been cultivated
component analysis of RAPD fragment data from 35for more than 3000 yr. The long history of cultiva-
diverse soybean lines, Thompson and Nelson (1998) es-tion in different environments has contributed to the evo-
tablished a core set of RAPD primers with high poly-lution of many genetically distinct soybean types in China.
morphism in soybean. These 35 core RAPD primers haveThere are over 22 600 accessions in the Chinese soybean
been used in other studies for genetic diversity analysisgermplasm collection that represent every province ex-
in soybean (Brown-Guedira et al., 2000; Li et al., 2001;cept Tibet and Qinhai (Chang and Sun, 1991; Chang
Li and Nelson, 2001, 2002). Thompson et al. (1998) eval-et al., 1996). On the basis of the data from the catalogs
uated 18 U.S. soybean ancestors and 17 selected Chineseof Chinese soybean collection, 93% of these accessions accessions from the USDA Soybean Germplasm Collec-are primitive cultivars, which tend to be highly diverse tion. The genetic relationships defined by RAPD data

and provide ideal materials for genetic diversity studies. generally corresponded to known pedigrees, origins, and
Developing a better understanding of the diversity of maturity groups. Li and Nelson (2001, 2002) examined
these important genetic resources is critical for effective the genetics relationships among eight to 10 accessions

from each of Henan, Hebei, Shaanxi, Ningxia, Heilong-
jiang, Shandong, Jiangsu, and Shanxi provinces in China.Yiwu Chen, Dep. of Crop Sciences, 1101 W. Peabody Dr., University
On the basis of the results of several clustering analyses,of Illinois, Urbana, IL 61801; Randall L. Nelson, USDA-Agricultural

Research Service, Soybean/Maize Germplasm, Pathology, and Genet- they found that the groups formed generally reflected
ics Research Unit, Dep. of Crop Sciences, 1101 W. Peabody Dr., the geographical origin of the accessions. Brown-Gue-
University of Illinois, Urbana, IL 61801. Mention of a trademark, dira et al. (2000) did not find an association between
proprietary product, or vendor does not constitute a guarantee or origin and RAPD markers among soybean lines of morewarranty of the product by the USDA or the University of Illinois

modern origin. It is highly likely that these genotypesand does not imply its approval to the exclusion of other products or
have been dispersed by human intervention from thevendors that may also be suitable. Received 5 Feb. 2004. *Correspond-

ing author (rlnelson@uiuc.edu). areas of actual origin.

Abbreviations: AMOVA, analysis of molecular variance; MDS, multi-Published in Crop Sci. 45:1645–1652 (2005).
Plant Genetic Resources dimensional scaling; MG, maturity group; PCR, polymerase chain

reaction; PI, plant introduction; RAPD, random amplified polymor-doi:10.2135/cropsci2004.0071
© Crop Science Society of America phic DNA; UPGMA, unweighted pair group method using arithmetic

average.677 S. Segoe Rd., Madison, WI 53711 USA

1645

 Published online June 24, 2005



R
ep

ro
du

ce
d 

fr
om

 C
ro

p 
S

ci
en

ce
. P

ub
lis

he
d 

by
 C

ro
p 

S
ci

en
ce

 S
oc

ie
ty

 o
f A

m
er

ic
a.

 A
ll 

co
py

rig
ht

s 
re

se
rv

ed
.

1646 CROP SCIENCE, VOL. 45, JULY–AUGUST 2005

Patterns of RAPD markers also have been shown to among the regions (Aldrich and Doebley, 1992). The ob-
be associated with geographical origin in barley (Hor- jectives of this research were to estimate the genetic vari-
deum vulgare L.) (Fernandez et al., 2002), chickpea ation of primitive soybean cultivars within and among
(Cicer arietinum L.) (Iruela et al., 2002), common bean four geographically diverse provinces (Zhejiang, Sichuan,
(Phaseolus vulgaris L.) (Beebe et al., 2000), groundnut Gansu, and Hebei) in China and to determine the rela-
(Vigna subterranea L.) (Amadou et al., 2001), wild em- tionship between geographical origin and genetic diver-
mer wheat (Triticum dicoccoides (Koern. Ex Asch. & sity by using RAPD markers.
Graebner) Aarons.] (Fahima et al., 1999), durum wheat
(Triticum turgidum L. var. durum) (Spagnoletti Zeuli and MATERIALS AND METHODS
Qualset, 1993), and mango (Mangifera indica L.) (Lopez-

Ten randomly selected primitive cultivars (cultivars that pre-Valenzuela et al., 1997). Yee et al. (1999) did not find a
date scientific breeding) from 10 geographically and uniformlyrelationship between RAPD marker patterns and geo-
distributed counties in each of Hebei, Gansu, Sichuan, andgraphical origin for azuki (Vigna angularis Willd.). They
Zhejian provinces in China were used in this research (Table 1speculated that two factors may have influenced these and Fig. 1). These provinces were selected to complement the

results: the genepool of cultivated azuki is quite restricted work of Li and Nelson (2001) by adding information from ad-
and the putative origin data used in their analysis may ditional provinces and evaluating a different set of accessions
not have been correct. RAPD marker variation was not from Hebei. They also represent a wide range of latitudes, ele-
related to geographical origin in the cultivated races of vations, and ecological zones within China and the origin of
sorghum [Sorghum bicolor (L.) Moench] (Menkir et al., the oldest Chinese agricultural civilization (Wang, 1982a). The

soybean germplasm accessions from these provinces account1997), which may be the result of high levels of gene flow

Table 1. The origin of the 41 soybean genotypes used in this study and genetic associations determined on the basis of the statistical
analyses of RAPD fragments.

Origin Groups based on cluster analyses

Code† Entry PI number Province County Latitude MG‡ GD§ VAR¶ AVE# Ward’s†† Cluster‡‡

G10 Tu huang dou PI 567351B Gansu Minqin 38.6� N III 0.27 1 2 2 1
H3 Hei bai men huang dou PI 567492 Hebei Baxian 39.1� N IV 0.32 1 2 2 1

CNS PI 548445 Jiangsu VII 0.30 1 2 2 1
S1 Gan gu huang-2 PI 587966A Sichuan Shizhu 30.0� N VIII 0.30 1 1 2 1
Z7 Ba yue bai PI 587894 Zhejiang Shaoxing 30.0� N VII 0.25 1 2 2 1
Z9 Shan bai dou PI 587904 Zhejiang Tiantai 29.2� N VII 0.31 1 2 2 1
Z10 Tian geng dou PI 587934 Zhejiang Pingyang 27.6� N X 0.31 1 2 2 1
G5 He se huang dou PI 567302 Gansu Gaotai 39.6� N I 0.28 3 3 1 2
H6 Tu er dun PI 567504 Hebei Xinlong 40.5� N II 0.35 3 3 1 2
H7 Tu er yan PI 567505 Hebei Pingquan 41.0� N II 0.32 3 3 1 2
H5 Huang dou PI 567501 Hebei Dongguang 37.9� N IV 0.30 3 3 1 2
H4 Huang dou PI 567497 Hebei Xinle 38.3� N III 0.27 3 4 3 3
H10 Zhua zi tui huang dou PI 567513 Hebei Baoding 38.8� N III 0.30 3 4 3 3
H1 Er huang dou PI 567490 Hebei Gucheng 37.4� N IV 0.29 3 4 3 3
H9 Xiao li bai dou PI 567509 Hebei Chengan 36.5� N IV 0.36 3 4 3 3
H8 Xiao huang dou-2 PI 567507E Hebei Xingtai 37.0� N V 0.29 3 4 3 3
G2 Bian huang dou PI 567294 Gansu Huachi 36.6� N IV 0.35 4 3 1 4
G4 Chang man you huang dou PI 567299A Gansu Gangu 34.8� N V 0.26 4 3 1 4
G3 Chan yao dou PI 567298 Gansu Huating 35.4� N V 0.29 4 3 1 4
G9 Niu mao huang PI 567345 Gansu Kanxian 33.4� N V 0.27 4 3 1 4
G8 Ma huang dou PI 567343 Gansu Zhouqu 33.8� N V 0.27 4 3 1 4
H2 Er huang yang PI 567491A Hebei Yuxian 39.8� N III 0.28 4 3 1 4
S5 Da li dong dou PI 587987A Sichuan Nanchong 31.0� N IV 0.35 4 3 1 4
S7 Liu yue huang PI 587991 Sichuan Mianyang 31.5� N IV 0.27 5 2 5 5
S2 Liu yue bao PI 587967 Sichuan Youyang 29.0� N IV 0.28 5 2 2 5
S4 Zhuang zhuang dou PI 587983A Sichuan Junlian 28.0� N IV 0.29 5 2 2 5
S9 Da bai dou PI 588024B Sichuan Yanyuan 27.6� N V 0.27 5 2 2 5
S10 Da huang ke PI 588027A Sichuan Yuexi 28.7� N V 0.27 6 2 2 6
Z2 Duan jia ai jiao huang PI 587853 Zhejiang Jiaxing 30.7� N VII 0.28 6 2 4 6
Z6 Qing pi dou PI 587889 Zhejiang Taishun 27.6� N VIII 0.24 6 2 2 6
Z4 Ba yue dou PI 587874 Zhejiang Kaihua 29.2� N VIII 0.30 6 2 4 6
Z1 Zei mo xiao PI 587849 Zhejiang Changxin 31.0� N VIII 0.24 6 2 4 6
G1 Bai huang dou PI 567291 Gansu Baiyin 36.6� N IV 0.28 2 1 5 7
G7 Hua lai dou PI 567318 Gansu Ningxian 35.5� N IV 0.26 2 3 4 7
G6 Hei pi gu huang dou PI 567311A Gansu Lintao 35.5� N IV 0.27 2 5 5 7
S3 Xiao huang dou PI 587977 Sichuan Zigong 29.5� N IV 0.28 2 2 5 7
S6 Shuang hua huang jiao dou PI 587989A Sichuan Dayi 30.8� N IV 0.32 2 3 4 7
S8 Bai huang dou PI 587993B Sichuan Guangyuan 32.5� N VII 0.27 2 2 4 7
Z3 Huang pi dou PI 587870 Zhejiang Tonglu 29.8� N VII 0.25 2 5 5 7
Z8 Qing pi dou PI 587901 Zhejiang Suichang 28.6� N VII 0.30 2 2 4 7
Z5 Ba yue huang PI 587884 Zhejiang Dinghai 30.0� N VII 0.26 2 2 4 7

† G � Gansu, H � Hebei, S � Sichuan, and Z � Zhejiang.
‡ MG � U.S. maturity group.
§ GD � Mean genetic distance calculated from Jaccard’s coefficient from all of the other accessions.
¶ VAR � Cluster defined by VARCLUS.
# AVE � Cluster defined by Unweighted Paired Group Method using Arithmetic Averages (UPGMA).
†† Ward’s � Cluster defined by Ward’s minimum-variance method.
‡‡ Cluster � Cluster assignment made based on the results of all clustering procedures.
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for 20% of entire Chinese germplasm collection as determined polymorphic in diverse soybean germplasm. The protocol of
Kresovich et al. (1994) with minor modifications was used foron the basis of Chinese soybean germplasm catalogs (Wang,

1982b; Chang and Sun, 1991; Chang et al., 1996). Gansu, in north- amplification. A reaction mixture of 25 �L with approximately
50 ng of genomic DNA was amplified in an Omnigene thermalwest China, is located between 33 and 42� N with elevations

ranging from 500 to 2000 m. Some northern parts of this prov- cycler (Hybaid Inc., Franklin, MA). Amplified products were
separated by 1% (w/v) agarose gels in 1� Tris-acetate buffer,ince are desert. Hebei is east of Gansu between 36 and 42� N.

There are mountainous areas on the northern and western stained with ethidium bromide, and visualized under UV light.
RAPD fragments were scored as either present (1) or ab-side of the province with elevations of approximately 1000 m.

The remainder of the province is a large plain less than 200 m sent (0). The Jaccard’s coefficient was used to calculate the simi-
larity coefficients between each pair of genotypes for all poly-above sea level. Sichuan, in southwest China, is between 26

and 34� N. The large central area of the province known as morphic loci using the following formula: Sij � a/(a � b � c),
where a is the number of common bands (1, 1); b is the numberSichuan Valley has an elevation of approximately 200 m. It is

surrounded by mountains which reach 1000 m on the east and of bands present in the first accession and absent in the second
(1, 0); and c is the number of bands absent in the first accessionmore than 2000 m on the west. Zhejiang, on the east coast of

China, is the most uniform ecological environment among and present in the second (0, 1). The 0, 0 matches were not
considered useful because the lack of a RAPD bands in twothese four provinces. It is located at 27 to 31� N with an aver-

age elevation of 200 m. U.S. maturity group was not considered genotypes may not be due to a common mutational event.
Genetic distances were reported as dissimilarity coefficients,in the selection process but ranged from MG I to V in Gansu,

MG II to V in Hebei, MG IV to VIII in Sichuan, and MG VII Dij � 1 � Sij . The matrix of genetic distances was submitted
to two hierarchical procedures, unweighted pair group methodto X in Zhejiang. CNS, a major U.S. ancestral line that origi-

nated from Jiangsu province, was also included as a control using arithmetic averages (UPGMA) and Ward’s minimum-
variance methods (SAS Institute, 1999) to cluster the entries.since the RAPD banding patterns in CNS have been well

documented in previous research (Brown-Guedira et al., 2000; Values of the cubic clustering criterion (CCC), pseudo F sta-
tistic (PSF), and Hotelling’s pseudo T 2 statistic were used toLi et al., 2001; Li and Nelson, 2001, 2002).

First trifoliate leaves were harvested from approximately define the optimum cluster numbers as described in the SAS
STAT user’s manual (SAS Institute, 1999). A nonhierarchi-10 greenhouse-grown seedlings. Leaf pieces were placed in

1.5-mL microcentrifuge tubes and cooled in liquid nitrogen for cal cluster analysis procedure, VARCLUS option of PROC
CLUSTER in PC SAS (SAS Institute, 1999), was also applied2 min. DNA was extracted by the CTAB (hexadecyltrimethyl

ammonium bromide) method of Keim et al. (1988). The DNA to the original fragment data to divide the accessions into non-
overlapping clusters. The matrix of genetic distances generatedconcentration of all extracted samples was calculated by spec-

trophotometer readings at wavelengths of 260/280 and ad- from genetic dissimilarity coefficients was subjected to multi-
dimensional scaling (MDS) (Shepard, 1974) by the MDS pro-justed to a concentration of 10 ng/�L.

Thirty-one decanucleotide primers from Operon Technolo- cedure in PC SAS (SAS Institute, 1999). To maintain the scale
of 0 and 1 for making interpretation and graphing easier thegies Inc. (Alameda, CA) were chosen for this study. Thompson

and Nelson (1998) had shown all of these primers to be highly ABSOLUTE option was used. The criteria are similar to that

Fig. 1. Location of the four provinces of China from which the 40 selected soybean accessions originated.
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Table 2. The sequences of 31 primers used to characterize thedescribed by Gizlice et al. (1996) and Thompson et al. (1998).
genetic diversity of 41 G. max accessions and the number ofTo evaluate the effectiveness of 2 to 22 dimensions, the good-
fragments produced by each primer.ness-of-fit criterion (R2) between the original data and the

predicted values that were derived from the MDS coordinates Number of
Total number polymorphicwas used. The best MDS analysis was considered to be the

Primers Sequence of fragments fragmentsfewest dimensions that result in R2 � 0.95 with the original
genetic distance matrix. Polymorphism information content 5�→3�
(PIC) scores (Anderson et al., 1993) were determined by the OPA-20 AATCGGGCTG 5 3

OPE-01 CCCAAGGTCC 6 4formula, PICi � 1 � �P 2
i j (Weir, 1990) where Pij is the fre-

OPF-04 GGTGATCAGG 6 3quency of the j th marker allele for fragment i . The raw data OPG-06 GTGCCTAACC 7 2
were also subjected to principal component analysis. This in- OPH-02 TCGGACGTGA 7 3

OPH-12 ACGCGCATGT 8 6volves a mathematical procedure to transform a set of corre-
OPH-15 AATGGCGCAG 4 1lated response variables into a smaller set of uncorrelated
OPK-01 CATTCGAGCC 8 4variables called principal components. OPK-03 CCAGCTTAGG 13 5

The components of variance attributable to differences OPK-10 GTGCAACGTG 8 5
OPL-09 TGCGAGAGTC 9 3among provincial populations, and among individuals within
OPL-18 ACCACCCACC 12 6provinces were estimated from the genetic distance matrix, as
OPN-03 GGTACTCCCC 3 3specified in the analysis of molecular variance (AMOVA) OPN-08 ACCTCAGCTC 6 0

procedure in ARLEQUIN ver 2.000 (Schneider et al., 2000). OPN-09 TGCCGGCTTG 10 6
OPN-18 GGTGAGGTCA 6 4This procedure has been used to analyze genetic diversity in
OPO-01 GGCACGTAAG 3 3a variety of crops including sweet potato [Ipomoea batatas
OPO-04 AAGTCCGCTC 5 2(L.) Lam.] (Zhang et al., 2000), sesame (Sesamum indicum L.) OPO-05 CCCAGTCACT 15 9

(Ercan et al., 2004), maize (Zea mays L.) (Reif et al., 2003), OPO-14 AGCATGGCTC 10 5
OPO-19 GGTGCACGTT 8 5olive (Olea europaea L.) (Belaj et al., 2002), pearl millet [Pen-
OPP-07 GTCCATGCCA 8 2nisetum glaucum (L.) R. Br.] (Bhattacharjee et al., 2002), as
OPR-07 ACTGGCTTGA 10 5well as soybean [Glycine max (L.) Merr.] (Li and Nelson, OPR-10 CCATTCCCCA 8 4

2002). A nonparametric permutation procedure with 3000 per- OPR-12 ACAGGTGCGT 11 7
OPR-13 GGACGACAAG 6 3mutations was used to test the significance of variance com-
OPS-01 CTACTGCGCT 10 7ponents associated with the different possible levels of genetic
OPS-03 CAGAGGTCCC 9 3structure in this study (Excoffier et al., 1992). The pairwise Fst OPS-05 TTTGGGGCCT 7 4

values, a value of F statistic analogs computed from AMOVA, OPS-11 AGTCGGGTGG 8 5
OPS-14 AAAGGGGTCC 5 3were used to compare genetic distances between any two
Total 241 125provinces (Schneider et al., 2000). Since soybean is a diploid,

self-pollinated crop, all population samples have the same
mating pattern. We partitioned the genotypic variance and not

the mean of 0.31. This average PIC score is in generalthe variance of allele frequencies as for codominant markers.
agreement with the result of Thompson and Nelson
(1998) and Li and Nelson (2001). The pattern of diver-

RESULTS AND DISCUSSION gence among the provinces was primarily attributable
to differences in fragment frequencies rather than theRAPD Marker Diversity
unique fragments that were found for each province (Ta-

Thirty-one RAPD primers produced a total of 241 frag- ble 3). Although the accessions in this study represent
ments of which 125 were polymorphic. The fragments pro- only a small portion of the available germplasm from
duced with CNS were used as standards to help identify each province, the unique fragments indicate the genetic
the fragments from the other accessions. All of the scored distinctness of each province.
fragments in CNS were found in the other accessions.
An average of 7.7 fragments could be scored unambigu- AMOVA to Partition Genetic Varianceously for each primer with a range of 3 to 15 (Table 2). among the PopulationsThe RAPD primer OPO-05 had the most polymorphic
fragments (9) with approximate molecular weights of On the basis of the AMOVA, the variation among

individuals within the four provinces accounted for 90%500, 550, 700, 950, 1050, 1300, 1400, 2500 and 2800 bp.
The percentage of polymorphism (52%) among these of the total (Table 4). The variation among provinces

accounted for only 10% of the total but was highlyprimitive cultivars of diverse origin is higher than re-
ported by Thompson and Nelson (1998) for ancestral significant (P � 0.0001). This result is very similar to the

conclusions of Li and Nelson (2001) and other geneticlines of U.S. cultivars and selected G. max exotic acces-
sions (30%) but lower than Li and Nelson (2001) data diversity studies (Mellish et al., 2002; vom Brocke et al.,

2003). In Li and Nelson’s study, the variation amongfor both G. max and G. soja Siebold & Zucc. (56%).
Genetic diversity for a specific locus can be measured provinces was 11% of total, and the variation among

the three countries (China, S. Korea, and Japan) onlyby polymorphism information content (PIC) scores. The
higher the PIC score, the higher the probability that accounted for 12% of the variation. Provincial pairwise

comparisons based on the values of Fst can be interpre-polymorphism will exist between two accessions at that
locus if the locus only has two alleles. Because all RAPD ted as standardized interpopulation distances between

regional groups. The F statistic (Fst value) is used to es-fragments are either present or absent, 0.50 will be the
highest PIC score for any fragment. The range of PIC timate the correlation of genes of different individuals

in the same population and is a measure of genetic dif-scores for polymorphic fragments was 0.05 to 0.50 with
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Table 3. RAPD fragments unique to a single Chinese province. Cluster Analyses
PIC (polymorphism information content) scores To define the optimum number of clusters, we exam-

Fragment Hebei Gansu Zhejiang Sichuan ined the CCC, PSF, and PST 2 statistics from the output
of PROC CLUSTER. The CCC and PSF values indicateOPA-201500† 0.48 0 0 0

OPG-061800 0.32 0 0 0 that there may be eight clusters whereas the value of
OPL-091500 0.18 0 0 0 PST 2 indicates six clusters to be the most likely fit forOPR-102100 0.18 0 0 0

this dataset. Six to eight clusters should be reasonableOPR-122300 0.18 0 0 0
OPS-05500 0.18 0 0 0 for these accessions. Accessions that were placed in the
OPS-11450 0 0.32 0 0 same cluster by two or more procedures were assignedOPF-042000 0 0.18 0 0
OPK-031500 0 0.18 0 0 to a consensus cluster (Table 1). In general, the cluster-
OPK-03870 0 0.18 0 0 ing procedures produced similar results but the output
OPK-03350 0 0.18 0 0

from some procedures was different. For example, Ward’sOPN-03850 0 0 0.35 0
OPG-061700 0 0 0.32 0 minimum-variance, UPGMA, and VARCLUS proce-
OPH-02450 0 0 0.32 0 dures all agreed on the relationships defined in clustersOPK-101600 0 0 0.18 0

2, 3, and 4, but clusters 2 and 3 were combined in theOPR-121900 0 0 0.18 0
OPH-02300 0 0 0 0.18 VARCLUS procedure, and clusters 2 and 4 were com-
OPL-182100 0 0 0 0.18 bined in the UPGMA and Ward’s procedure.OPL-181800 0 0 0 0.18
OPL-18500 0 0 0 0.18 Cluster 1 contains three accessions from Zhejiang, the
OPN-082000 0 0 0 0.42 latest maturing accession from Sichuan, the U.S. ances-
OPN-091650 0 0 0 0.18

tral line CNS, and two much earlier accessions fromOPN-18400 0 0 0 0.32
OPO-191700 0 0 0 0.18 Gansu and Hebei. CNS was originally selected from an

introduction from Jiangsu, which is adjacent to Zhejiang.† Primer designation and approximate molecular weight of specific frag-
ment. PI 567351B comes from the northern part of Gansu

where high temperatures and low humidity are common.
PI 567492 from Hebei comes from the southern plain

ferentiation over subpopulations. When Fst equals 0, the of the province and has a relatively large seed size (26 g
subpopulations are identical in all allele frequencies; 100 seeds�1). There is no obvious explanation for the
when Fst equals 1, they are fixed for different alleles. This inclusion of these lines in this cluster. All procedures
statistic is very similar to coancestry coefficients (Table 5). agreed on the relationships defined by the assigned clus-
The provincial pairwise Fst values ranged from 0.02 be- ter except PI 587966A, which was identified as an outlier
tween the Sichuan and Zhejiang groups to 0.18 between with UPGMA. In cluster 2, there are three accessions
the Hebei and Zhejiang groups (Table 5). All of the pair- from Hebei including the two earliest lines from that

province and the earliest line from Gansu. The two MGwise comparisons between provinces are significantly dif-
II accessions from Hebei originated in a mountainousferent from zero except the comparison between Sichuan
northern region that is more similar to the environmentand Zhejiang. Although Sichuan and Zhejiang are geo-
of Gansu.graphically separated, both are located at similar lati-

Clusters 3 and 5 each contains only accessions from atudes. The genetic distances between the accessions of the
single province and have a relatively narrow range ofnorthern and southern provinces are all significantly dif-
maturity. The members of cluster 3 are from the south-ferent, indicating a possible relationship between latitude
ern plain of Hebei and the members of cluster 5 areand genetic diversity. Li and Nelson (2001) conducted re- from the central valley in Sichuan.

search on genetic diversity among soybean accessions Cluster 4 primarily contains accessions very similar
from China, Japan, and South Korea using RAPD mark- in maturity from the southern part of Gansu. Two lines,
ers and concluded that there was no clear relationship PI 567491A from Hebei and PI 587987A from Sichuan,
between latitude and genetic diversity among accessions are exceptions to that description. PI 567491A origi-
from these three countries. In their study, 110 accessions nated from the northern mountainous area of Hebei.
originated from similar latitudes between 33 to 39� N in On the basis of origin and maturity, PI 587987A seems
the three countries and 10 accessions from Heilongjiang like a better fit in cluster 5 but none of the procedures

grouped PI 587987A with the lines in cluster 5.province of China between 44 to 53� N.

Table 4. Analysis of molecular variance results for the analysis of 40 soybean accessions from Hebei, Gansu, Sichuan, and Zhejiang
provinces in China.

Expected mean Percentage of
Source of variation df Sum of squares squares† Variance variation P value

Among provinces P � 1 � 3 145.8 n � 2
a � � 2

b � 2
a � 2.6 10.1 � 0.0001

Individuals within provinces N � P � 36 832.2 � 2
b � 2

b � 23.1 89.9 � 0.0001
Total N � 1 � 39 983.0 � 2

T � 2
T � 25.7 100.0

† � 2
a is the covariance component of differences among populations; � 2

b is the covariance component of differences among individuals within popu-

lations; n is defined by n �
N � �

p

N 2
p

N �P � 1
. In this care P � 4, N � 40; therefore, n � 10.
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Table 5. Pairwise comparisons among provinces based on genetic distances between populations and FST values for 40 soybean accessions
from four provinces in China.

Population pairwise FST† value Genetic distances based on coancestry coefficients

Hebei Gansu Sichuan Zhejiang Hebei Gansu Sichuan Zhejiang

Hebei 0.000 0.000
Gansu 0.093 0.000 0.098 0.000
Sichuan 0.130 0.064 0.000 0.140 0.067 0.000
Zhejiang 0.178 0.089 0.020NS 0.000 0.200 0.093 0.020NS 0.000

NS, Nonsignificant at 0.05 probability level. All other values are significant at the 0.05 probability level.
† FST values are measures of genetic differentiation calculated from analysis of molecular variation (AMOVA).

There are four lines from Zhejiang and one line from and nonhierarchical cluster analysis (Fig. 2). The posi-
tioning of members of cluster 1 to cluster 6 in the two-Sichuan in cluster 6. PI 588027A from Sichuan, MG V,

is substantially different in maturity than the lines (PI dimensional MDS plot was consistent with the assigned
clusters (Table 1). The remaining nine accessions are587879, PI 587853, PI 587874, and PI 587889) from Zhe-

jiang in MGs VII and VIII. PI 588027A also originated generally located in the upper quadrants of the MDS plot.
From the MDS plot it seems that S7 (PI 587991) in clus-from a much higher elevation than the Sichuan lines in

cluster 4 and 5 (PI 587967, PI 587983A, PI 587987A, ter 5 is genetically closer to the members of cluster 7
and S6 (PI 587989A) could be a member of cluster 4. ThePI 587991, and PI 588024B).

The remaining nine accessions from Gansu, Sichuan, results from Ward’s minimum-variance method were in
agreement with those classifications (Table 1). Fromand Zhejiang were placed in a single cluster by VAR-

CLUS but were not grouped consistently by the other these data and the data from AMOVA and cluster anal-
ysis we can conclude that there is a strong relationshiptwo procedures. On the basis of our criterion, we could

have assigned PI 587993B, PI 587901, and PI 587884 to between geographical origin and genetic diversity among
these primitive cultivars from China.a separate cluster, or we could have placed them into

cluster 6. Because of the ambiguity of the data for these
accessions, we chose to assign them and the other remain- Implications for Soybean Germplasm Collection
ing accessions to cluster 7. From these data, we cannot To facilitate the management and use of genetic re-
conclusively determine the relationships among these sources, the concept of a “core collection” was proposed
nine accessions or how they relate to the other major first by Frankel (1984) and later by Brown (1989a) to
clusters. provide efficient access to the whole collection. A core

There are many similarities in the groupings defined germplasm collection is a small sample of the accessions
by each of the clustering procedures used in this research. in a collection that represents the maximum genetic di-
However, if the results from only a single procedure versity with minimum repetitiveness. As the number of
would have been reported the genetic groupings would accessions in a soybean germplasm collection increases,
have been quite different. Using multiple procedures initial evaluation of numerous, highly similar accessions
may be an effective way of identifying the most robust not only wastes resources but also reduces the possibility
clusters. of identifying the truly unique and valuable accessions.

Because G. max is a domesticated species, determin- Construction of core collections will be advantageous
ing actual genetic origin is often uncertain; however, for plant breeders to initially focus on fewer germplasm
among most of the accessions in this research there is an accessions. Under sampling theory of selectively neutral
association between origin and genetic similarity. Clusters alleles, Brown (1989b) recommended a core collection
1 through 6 were each dominated by accessions from a size of about 10% of the entire collection and a number
single province. These data provide additional evidence of random sampling strategies of establishing a core col-
that the primitive cultivars of China were generally ge- lection were proposed. Several studies have shown that
netically isolated in relatively small geographical areas. phenotypic divergence is related to geographical origin of

accessions (Spagnoletti Zeuli and Qualset, 1993; SchoenMultidimensional Scaling and Brown, 1995; Lopez-Valenzuela et al., 1997; Fahima
et al., 1999; Beebe et al., 2000; Amadou et al., 2001; LiTwenty-two dimensions were sufficient to retain the

information in the original matrix of genetic dissimilar- and Nelson, 2001, 2002; Fernandez et al., 2002; Iruela
et al., 2002). Thus ecogeographical information can beity based on Jaccard’s coefficient (R2 � 0.99). Stress,

the measure of the amount by which the MDS generated applied to stratify phenotypic diversity of the entire col-
lection.distance mismatched the original dissimilarities, was 2.0%

when 22 dimensions were applied in the solution. This On the basis of geographical, morphological, cytologi-
cal, and isozyme information, Brown et al. (1987) estab-level was considered to be a good fit according to the

guidelines of Johnson and Wichern (1992). The first two lished a core collection of perennial Glycine. Extensive
databases of geographical, morphological, and agronomicMDS dimensions accounted for 47% of the total varia-

tion, whereas only 23% of the total variation was con- traits on soybean for several major germplasm collec-
tions are available to establish core collections. A grouptributed by the first two principle components (data not

shown). A plot of the first two MDS dimensions was of scientists in China has constructed a core collection for
Chinese soybean germplasm (Qiu Lijuan, personal com-generated to compare with the results of hierarchical
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Fig. 2. Two-dimensional representation of genetic relations among 40 Chinese soybean germplasm accessions from Gansu (G), Hebei (H),
Sichuan (S) and Zhejiang (Z) and the cultivar CNS derived from a multi-dimensional scaling (MDS) analysis. Genetic distance estimates are
based on Jaccard’s genetic dissimilarity matrix of 241 RAPD fragments generated by 31 primers. The circles were drawn to indicate the
consensus clusters presented in Table 1.

munication, 2003). The sampling strategies for establish- that there are significant differences in the genetic dis-
tances when comparing accessions from pairs of prov-ing their core collection were primarily based on the geo-

graphical information and morphological characters. inces. We did not find a significant genetic difference
between the accessions from Zhejiang and Sichuan, soThe data obtained from our study have revealed ecogeo-

graphical distribution patterns of genetic variation that it could be possible to treat the accessions from those
two provinces as coming from a single source.could be used to develop sampling strategies for estab-
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